The Heihe River basin consists of three different characteristic regions: upstream mountain area, midstream oasis region, and downstream desert region. Understanding the river-groundwater interactions in different river reaches is important for sustainable water resources management. In 
INTRODUCTION
With changing climate, increasing population and developing economy, water has become increasingly scarce in river basins worldwide, especially in semi-arid and arid areas, and this has triggered many environmental problems such as land desertification and ecosystem degradation (Botes et al. ; Marquès et al. ; Qin et al. ) . For sustainable use of water resources, it is important to understand hydrologic processes such as rainfall, surface water and groundwater flow in river basins. Considering the contrast in spatio-temporal scales in which these (i.e., surface water and groundwater) processes operate, these processes have been commonly studied as independent of each other. However, as the two important components of the hydrologic system, rivers and aquifers interact in basic ways: rivers gain water from aquifers through the riverbed, they lose water to aquifers through the riverbed, or they gain in some reaches and lose in others. There is, therefore, a growing concern with river-groundwater interaction in hydrologic studies and basin-scale water resources management. Based on these recent studies, it is indicated that many factors, including natural conditions and human activities, can affect river-groundwater interaction. However, most existing studies focus on surface water-groundwater interaction at field scale or in a relatively small basin. For large river basins that span over a wide range of hydrogeological and climate conditions like the Heihe River basin in Northwest China, very few studies have been done to reveal how the river-groundwater interactions vary in different regions such as mountain, oasis, and desert, and how human activities may affect the river-groundwater interactions in such large-scale river basins (Srivastava et al. ) .
In view of gradual environmental deterioration and complex hydrologic characteristics of the Heihe River basin, the impact of natural conditions and human activities on the hydrologic cycle has been a great concern for researchers and government recently. Qin et al. () Results show that surface water is available in the lower desert reaches throughout the non-irrigation period while it is often dried up during the irrigation period. Owing to the deficiency of observation data, such as groundwater level and hydrogeologic characteristics, it is very difficult to develop the numerical model to simulate the river-groundwater interaction in the upstream region of the Heihe River basin.
A river constitutes a continuum of physical environments and associated ecological communities (Vannote et al. ) . The continuum influences the hydrological processes of a river system in which downstream processes are linked to upstream processes. Although previous studies have provided valuable information about the river-groundwater interactions in the middle or lower reaches of the Heihe River, it is necessary to study the hydrologic behavior of all the three regions together to gain insight on spatial variability in river-groundwater interactions within a river basin and identify primary controls over these interactions, which is beneficial to a basin-wide integrated water resources management.
The objective of the study is to investigate the variations of river-groundwater interactions from upstream mountainous region to midstream oasis region and downstream desert region in the Heihe River basin. Geophysical and hydrometeorological data, as well as agricultural irrigation records, are analyzed to characterize the difference in the three different regions. A river water balance is used to quantify the spatial and temporal exchange between river and groundwater flow in different regions during different seasons.
Through the analysis of river-groundwater interactions, some water management recommendations are discussed.
Results from the study are expected to provide some reference for water resources research and management in other river basins with complex hydrologic characteristics.
STUDY AREA AND DATA

Study site
The Heihe River with a length of 821 km is the second largest ). Figure 7 shows the variation curves of average precipitation for the three regions studied. It is obvious that three curves share a similar changing trend which implies that the rainfall in the basin is mostly concentrated in summer For midstream and downstream reaches, there is only one inlet and outlet for the other two river segments. Based on the daily discharge data collected from the five stations, the channel water gain analysis was carried out by subtracting the sum of river discharge at inlets (inflow) from the river discharge at outlet (outflow) for the three river segments. given time interval dt includes seven items concerning meteor-hydrological information, river-groundwater interactions, and water diversion from the river.
where ∑Q up and Q dn are the river flow discharges in the upper and lower sections of the target river segment within dt, respectively; Q sr the surface runoff to the river segment; Q pr the precipitation on the water surface; Q evp the evaporation from the water surface; Q gr the discharge of 
where Q sr is surface runoff in m 3 , RC runoff coefficient representing a ratio of runoff to rainfall, P t the total precipitation in mm within the region, and S is the tributary drainage area of the river segment in km 2 .
Runoff coefficient is related with hydrologic soil group, Figure 12 indicates the spatial variability of runoff coefficient in the study area.
Estimation of precipitation and evaporation in different river reaches
As given in Keller & Sherar () , the precipitation on and evaporation from the water surface in a given open channel can be approximately calculated by using Equations (3) and (4), respectively.
where Q pr and Q evp are precipitation and evaporation esti- 
RESULTS AND ANALYSIS
Geophysical characteristics
The mean slope values along and across the three target reaches, as well as the mean surface slope values for three study regions, are summarized in Table 1 The statistic data of soil type for different reaches of the basin are shown in Table 2 . For the upstream region, the area ratio of medium-vs high-permeability soil is approximately 1.5. It rises to 2.5 for the midstream region and declines to 1.1 for the downstream region. The distribution of low-permeability soil accounts for 38.7% of the downstream region, which make it comparatively difficult for rainfall to pass through the soil layer of the downstream region to recharge groundwater aquifers. . In medium-irrigation periods, the mean surface Inflow (1) Outflow (2) Diff. (2) À (1) Inflow (1) Outflow (2) Diff. (2) It is found that, for any particular irrigation period, the mean difference between precipitation and evaporation increases significantly along the river channel from the upstream to the downstream. Furthermore, all values of Q pr minus Q evp are negative, notwithstanding changes in river segment or irrigation period, which implies that the precipitation is less than evaporation in such an arid basin.
Hydro-meteorological characteristics
River-groundwater exchange characteristics
The mean seasonal water diversions from three different Table 8 . Results show that groundwater discharge to the river segment occurs during all seasons in the upstream mountain region. In the midstream oasis region, groundwater is recharged by river during the Major-irrigation period (Jun-Sept)
Medium-irrigation period (Apr-May, OctNov) Minor-irrigation period (Dec-next Mar)
River reach major-irrigation and medium-irrigation periods, while groundwater discharges to the river in minor-irrigation periods. This shows that human activities significantly affect the river-groundwater interaction in the midstream oasis region, which results in less outflow than inflow in the midstream river reach. As a result, it reduces the river inflow to the downstream river reach. In the downstream desert region, the seepage flow of the river to the aquifer is found for all seasons, which is opposite to the river-groundwater exchange in the upstream mountain region. increases and, as a result, the water level rises in the midstream river channels. Thus, the groundwater level is lower than the water level in the river channels and, consequently, the river channel loses water to the adjacent groundwater aquifer in the midstream oasis region during regular irrigation months from April to November. In minor-irrigation periods with little precipitation, the runoff from the mountain area decreases significantly, which leads to a very low water level in the channels. However, owing to the irrigation return flows and few groundwater withdrawals, a rise in the groundwater level is maintained during winter months.
DISCUSSION
Hence, the groundwater level is usually higher than the river water level and the river-groundwater interaction can be described generally as groundwater discharging to river show that the tempo-spatial characteristics of river-groundwater exchanges vary geographically along the Heihe River from the upstream mountain region to midstream agriculture area, and the downstream desert region during different seasons. This study intended to study the regional contrast in surface water-groundwater interactions on an annual and seasonal basis. Therefore, the methodology presented here was deemed appropriate to achieve the objectives of the study. Furthermore, given the spatiotemporal scale of the problem in hand, some deviations in the selected empirical coefficients should not effect our findings.
In the upstream mountain region, the river channel 
